Context: Despite clinical guidelines calling for repetitive examination of testicular position during childhood, little is known of normal changes in testicular position during childhood, let alone factors that control it.
is usually lying in the scrotum at a distance of between 5 and 8 cm from the pubic crest." Consequently, he defined testes of full-term boys that could not be manipulated below 4 cm from the pubic crest as "undescended" and described "degrees of descent" between fully descended and abdominal testes as inguinal, suprascrotal, and high scrotal testes, which he referred to as "incompletely descended." A subsequent large British study modified criteria to follow more closely the latter description (including high scrotal as undescended) (4); these criteria have been adopted in most studies thereafter (5) (6) (7) .
According to these criteria, 2% to 8% of full-term boys present with one or two undescended testes at birth (i.e., congenital cryptorchidism) (8) . Congenital cryptorchidism is a risk factor for testicular cancer (9) and is associated with reduced semen quality later in life (10) . Because of these long-term concerns, orchidopexy is recommended early in childhood to preserve fertility (11, 12) . Many clinical guidelines argue that testicular position should be screened among boys at every well-child visit during childhood to recognize boys with testicular ascent to a nonscrotal position (often also called "acquired cryptorchidism"), who should be referred for orchidopexy (11, 12) .
Despite these guidelines, surprisingly little is known about the changes in testicular position during childhood. We and others have previously reported the prevalence of testicular ascent (7, 13, 14) , but these approaches fail to recognize more subtle changes that may take place during childhood also in noncryptorchid boys. Only two small cross-sectional studies have quantified testicular position in childhood (15, 16) , and no study to date has assessed factors other than height, weight, prematurity, and age that influence testicular position among children. We attempted to fill this gap by measuring the testicular position and related these measurements with postnatal biomarkers of testicular development and function in our large prospective and longitudinal Danish-Finnish birth cohort.
Materials and Methods
Boys born in Rigshospitalet, Copenhagen, Denmark, and Turku University Hospital, Finland, in 1997 to 2001 and 1997 to 1999, respectively, were examined at birth, age 3 months, and age 18 months. This population-based followup was continued until 2007 in Denmark and 2001 in Finland. On the basis of these cohorts, we previously compared the prevalence of congenital cryptorchidism between Denmark and Finland (5), compared the serum sex hormone levels between cryptorchid and healthy boys at birth and age 3 months in both countries (17, 18) , assessed the association between serum insulin-like growth factor I (IGF-I) levels and postnatal growth in Denmark (19) , reported the prevalence of testicular ascent during childhood in Denmark (13) , and explored the relationship between testosterone levels and penile growth (20) .
The boys were examined at birth and at 3 months (5). Preterm boys (i.e., those born before gestational week 37+0) were examined at the expected date of delivery (EDD) and 3 months after the EDD, with the exception that only cryptorchid preterm boys were re-examined at EDD in Finnish cohort. Post-term boys (i.e., those born after gestational week 42+0) were examined at birth and at age 3 months (Finnish cohort) or 3 months after EDD (Danish cohort). In Denmark, all boys were invited to additional examinations at the ages of 18 months and 36 months and once more later during childhood at approximately age 7 years (mean, 6.9 years; range, 4.5 to 9.7 years) (5, 13, 20) . For funding reasons, in Finland only a subset of 334 boys consisting of cryptorchid boys and their 2 matched controls and every 10th healthy boy in the cohort was invited for an examination at age 18 months. Matching criteria were date of birth 6 14 days, parity, gestational age (GA) 67 days, maternal smoking during pregnancy (yes or no), and maternal diabetes mellitus (yes or no) (5). Duration of gestation was estimated on the basis of routine clinical ultrasound measurements if available and last date of menstruation if not. Weight for GA (WGA) percentile based on national growth references was calculated from birth weight and GA (21, 22) .
At the examination at age 3 months, an attempt was made to draw a venous blood sample if the parents gave their consent. Blood samples were available and analyzed from 71.2% and 75.0% of Danish and Finnish cryptorchid boys, respectively; the corresponding percentages for noncryptorchid boys were 62.2% and 22.8%, respectively.
The overview of the follow up is depicted in Fig. 1 . A total of 2565 boys (1071 Danish and 1494 Finnish) participated in the Danish-Finnish birth cohort, and after exclusion of boys due to missing testicular distance to pubic bone (TDP) examination (described below), 2545 boys (1060 Danish and 1485 Finnish) were included in this study. The characteristics of the Danish and Finnish cohorts are presented in Table 1 . Fifty-nine Danish and 67 Finnish boys were preterm.
Main outcome
The main outcome was the distance between the superior margin of the pubic symphysis and the superior pole of the testis (TDP), illustrated in Fig. 2 . TDP was measured to the closest millimeter with a ruler (Finland) or a caliper (Denmark) after the testis was pulled to the lowest possible position without causing pain. Mean values of the right and left TDP were used in all comparisons.
TDP was missing in 165 and 46 examinations in the Danish and Finnish cohorts, respectively. This was possibly attributable to a nonscrotal testicular location in 47 and 36 examinations, respectively, whereas in 118 and 10 examinations, respectively, the examinations were missing despite the normal scrotal position. Only examinations of those who had examined more than 20 participants (n = 12) were included, leading to the inclusion of 7178 examinations (99.6% of all examinations). Furthermore, one, three, and three examinations at ages 18 months, 36 months, and 7 years, respectively, were excluded in the Danish cohort and one examination at age 18 months in the Finnish cohort was excluded because of a prior orchidopexy.
Hormone analyses
IGF-I and reproductive hormones were analyzed in serum samples at Rigshospitalet, as described previously (17) (18) (19) 23 (19) . Limits of detection for LH, FSH, INSL3, testosterone, inhibin B, and IGF-I were 0.05 IU/L, 0.06 IU/L, 0.05 ng/mL, 0.23 nmol/L, 20 pg/mL, and 21 ng/mL, respectively. Intra-assay coefficients of variation (CVs) were ,5%, ,5.0%, 8.0%, ,10%, ,15%, and 3.9%, respectively, and interassay CVs were ,5%, ,5%, 11.3%, ,10%, ,18%, and 8.7%, respectively. All analyses were blinded for country and testicular position by the technicians.
Statistical analyses
The CV for TDP measurements was calculated on the basis of duplicate TDP measurements by using a within-subject standard deviation method. Changes in TDP in childhood were analyzed by using linear mixed-effect models. Age was entered into the model as a categorical repeated-measurement effect. Both patient and examiner were added as random effects, and empirical correlation structure (unstructured) was used to model for the serial dependence between residual errors across time within each patient unless stated otherwise. Denominator degrees of freedom were computed according to the KenwardRoger approximation.
The modeling strategy is illustrated in Fig. 3 . In the first step, TDP from birth to 18 months was modeled by adding country, age, and factors that were a priori known to be associated with testicular position at birth (GA, WGA) as fixed effects; this was model 1 (4) . Country difference and associations between TDP and GA as well as TDP and WGA were allowed to differ across age [i.e., interactions between ̣ age and these factors (country, GA, and WGA) were added to the model as fixed effects]. Then, height (model 2) and penile length (model 3) and their interactions with age were sequentially added as fixed effects to estimate their possible associations with TDP. All steps of the modeling were then repeated with inclusion of only Danish data.
In another approach, we studied the association between TDP and hormones and growth factors that reflect or might affect the Sertoli and Leydig cell function (model 4). Thus, IGF-I and indices of reproductive hormones describing Leydig cell function (logarithm-transformed testosterone/LH ratio) and Sertoli cell function (logarithm-transformed inhibin B/FSH ratio) and their interactions with age were added as fixed effects, first separately and then all combined in one model. In this model, examinations at birth were excluded from the analyses and TDP at birth was added as a fixed effect. This was done to take into account the association between reproductive hormones and testicular position at birth (17, 18) . The separate and combined models provided similar results, and therefore only the combined model is reported. In a subgroup analysis, model 4 was modified by including log-transformed INSL3/LH ratio as a fixed effect instead of testosterone/LH ratio, thereby limiting the available data to 248 boys. Consequently, only subject was added as a random effect, and compound symmetry covariance structure was used to address problems with convergence in this model.
As a further sensitivity analysis, the linear mixed-effect modeling was repeated including only patients who were noncryptorchid during the whole follow-up or those who did not have a blood sample, or by excluding preterm patients or 12 (1) a -Numbers and study population characteristics of those boys who had at least one TDP examination included in the study. Unless otherwise noted, numbers are given as n (%) or mean 6 standard deviation.
Abbreviations:
LGA, large for gestational age; SGA, small for gestational age.
a Patients with testis in high scrotal position or higher at two consecutive visits. 
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Results

TDP from birth to 18 months in combined data
TDPs from birth to puberty in the Danish and Finnish cohorts are illustrated as nomograms in Fig. 4 and Supplemental Fig. 1 . Country-, GA-, and WGA-adjusted TDP (model 1) was 61.4 mm (0.3 mm) at birth and increased to 18.5 mm [95% confidence interval (CI), 18.1 to 18.9 mm; P , 0.0001] from birth to 3 months, and decreased thereafter with 5.0 mm (95% CI, 4.5 to 5.5 mm; P , 0.0001) until 18 months.
WGA percentile and GA were significant predictors of TDP from birth to 18 months, whereas country of origin was associated with TDP only at 3 and 18 months. An increase of a centimeter in height was associated with an average increase of 5.3 mm (1.1 mm) in TDP at birth in the combined data (model 2). The association did not vary with age from birth to 18 months (P = 0.34 for the interaction between age and height).
Penile length was significantly associated with TDP in model 3 [1 cm in penile length was associated with a 1.2-mm (0.3-mm) increase in TDP at birth; P , 0.0001], without any apparent differences between the time points from birth to 18 months in the combined data (P = 0.68 for interaction between penile length and age). Modelbased means of TDP and all effect sizes for associations between TDP and the reproductive biomarkers described below are shown in Supplemental Tables 1 and 2 .
TDP from birth to 7 years in Danish cohort
TDP from birth to prepuberty in the Danish cohort (raw data) is summarized in Table 2 . With inclusion of only Danish data, TDP was 62.1 mm at birth and increased by 16.8 mm (95% CI, 16.1 to 17.4 mm; P , 0.0001) from birth to 3 months and decreased by 5.2 mm (95% CI, 4.6 to 5.8 mm; P , 0.0001) between 3 and 18 months. TDP did not change from 18 to 36 months (95% CI for an increase, 20.4 to 0.9 mm; P = 0.40), whereas a further decrease of 4.6 mm was observed from 36 months to 7 years (95% CI, 3.8 to 5.4 mm; P , 0.0001). Similar to combined data, the association between WGA and TDP was evident from birth to age 18 months, and the association remained significant up to age 7 years in Danish data. In contrast to combined data, the effect of GA was significant only at birth.
The association between height and TDP was significant but less pronounced in Danish data at birth [1.5 mm (0.6 mm) increase in TDP per an increase of 1 cm in length; P = 0.02] and progressively decreased with age (P , 0.0001 for the interaction). Consequently, the association was no longer significant after 18 months. Similar to combined analyses, penile length was significantly associated with TDP from birth to 18 months. However, strength of the association decreased progressively with age (P , 0.0001 for the interaction between penile length and age) and was not significant after 18 months. TDP centiles from birth to prepuberty based on Danish data are given in Supplemental Table 3 .
Interobserver variability
Eighty-eight and 12 interobserver TDP measurements were available by five and two observers, who examined altogether 73.6% and 77.1% of the examinations in the Danish and Finnish cohorts, respectively. Interobserver variability appeared similar across age (data not shown), and the examinations were thus pooled in the calculation of interobserver CV. The interobserver CV was 7.8% in Danish cohort and 2.9% in the Finnish cohort.
IGF-I and indices of Sertoli and Leydig cell function as predictors of TDP
The inhibin B/FSH ratio, testosterone/LH ratio, and IGF-I at 3 months were all significantly and positively associated with TDP in model 4 (P = 0.005, P = 0.0009, P = 0.001, respectively), suggesting that they predicted TDP independently. Furthermore, their effects appeared to vary with age (P = 0.02, P = 0.03, and P = 0.006, respectively). Testosterone/LH ratio and IGF-I both predicted TDP significantly at 3 months (P = 0.0001 and P , 0.0001, respectively), but not at 18 months (P = 0.16 and P = 0.34, respectively). An inverse pattern was observed with inhibin B/FSH ratio, which was a significant predictor of TDP at 18 months (P = 0.0003) but not at 3 months (P = 0.41). With inclusion of INSL3/LH ratio as a fixed effect in model 4 instead of testosterone/LH ratio, neither the association between INSL3/LH ratio and TDP nor the interaction between INSL3/LH ratio and age reached statistical significance in this smaller subgroup (P = 0.79 and P = 0.23, respectively).
Discussion
We present longitudinal data on TDP in early childhood based on a binational large cohort of 2545 antenatally recruited boys in two countries. Our data indicate that testicular position during childhood is dynamic and mirrors the postnatal Sertoli and Leydig cell function and serum concentrations of IGF-I.
Without presenting his data, Scorer (3) made a remark that the testes are usually positioned between 4 and 8 cm from the pubic bone at birth. We confirm that the 95% reference range of TDP is 4.6 to 8.1 cm based on our study. We also found that TDP increased considerably between birth and 3 months and decreased thereafter. A cross-sectional study of 77 participants did not find any changes in the TDP between birth and 7 years, whereas TDP was longer in adolescence (15) . Another previous cross-sectional case-control study measured TDP with a ruler in groups of 25 infants (age 0.5 to 2.5 years) and 25 children (age~8 years) with cerebral palsy and their agematched controls, and reported a 0.9-cm and 1.2-cm longer TDP in older boys with or without cerebral palsy, respectively, compared with younger boys (16) . Neither of the two studies examined TDP repeatedly early during infancy. Our finding fits well with results of previous large cohort studies on prevalence of congenital cryptorchidism, which indicated that at least half of the cases of congenital cryptorchidism recover spontaneously at 3 months (3-5, 7).
These changes in TDP between birth and 3 months were not readily explained by GA, WGA, or growth in length and coincided with the known postnatal surge in reproductive hormone levels during the so-called minipuberty (25) . Further analyses indicated that IGF-I concentration and hormonal indices related to Sertoli and Leydig cell function during mini-puberty correlated positively with TDP in our linear mixed-effect model, suggesting that they may contribute to testicular descent postnatally. The importance of postnatal hypothalamicpituitary-gonadal axis activation for postnatal testicular descent is supported by a previous small study, which noted that supplementation of boys with recombinant FSH and human chorionic gonadotropin completed testicular descent among boys with hypogonadotropic hypogonadism (26) .
An association between Leydig cell function and testicular position is not surprising in the context of previous experimental data on prenatal testicular descent (1, 2) . However, we observed that inhibin B/FSH ratio describing Sertoli cell function and IGF-I also predicted testicular position independently of the Leydig cell function. Interestingly, mini-pubertal IGF-I levels and testosterone/LH ratio at 3 months significantly predicted TDP only at 3 months and not at 18 months, whereas the pattern was inverse with the inhibin B/FSH ratio. Thus, Sertoli cell function may contribute to maintain testicular position during childhood after mini-puberty. When inhibin B/FSH ratio, testosterone/LH ratio, and IGF-I were included as fixed effects in models separately, these agerelated patterns were similar to those in the combined model (data not shown).
Although IGF-I is secreted by many other tissues, including liver and bone, and has a variety of biological effects in the body, IGF-I also functions as a paracrine and possibly endocrine regulator within testis (27) . IGF/ insulin signaling upregulates the SRY-SOX9 signaling needed for Sertoli cell development and testis determination (28) . IGF/insulin signaling also increases substantially immature Sertoli cell proliferation (29, 30) and is associated with increased Leydig cell progenitor proliferation and Leydig cell function (30) (31) (32) . Furthermore, testicular size was decreased relative to body weight in IGF-I null mice (30) . In male infants with congenital isolated growth hormone (GH) deficiency, penile size slightly increases during GH treatment (33, 34) . Likewise, IGF-I treatment appears to stimulate penile growth in boys with GH insensitivity syndrome (35) . To our knowledge, disrupted or delayed testicular descent has not been reported after experimental targeting of IGF-I/ insulin pathway (30) (31) (32) . However, IGF-I was differentially expressed in the prenatal gubernaculum between wild-type and orl rat strain, which has a high rate (~66%) of spontaneous cryptorchidism (36) . Finally, a case report suggests that GH treatment of a prepubertal boy with GH deficiency due to septo-optic dysplasia induced testicular descent (37) .
Thus, our present findings of a positive association between testicular position and IGF-I could be a direct effect of IGF-I on testicular descent. However, experimental studies suggest that it may also be due to effects on the activation of the hypothalamic-pituitary-gonadal axis in minipuberty. Mice with a gonadotropin-releasing hormone (GnRH) neuron-specific deletion of the IGF-I receptor [GnRH-insulin-like growth factor receptor knockout (IGFRKO) mouse] showed delayed pubertal maturation (38) . Furthermore, IGF-I treatment advanced puberty in control female mice, but not in the GnRH-IGFRKO mice (38) . Altogether this study also supports a hypothesis of IGF-I being involved in the central activation of the hypothalamus-pituitary axis during minipuberty.
A surprising testicular ascent took place between 3 and 18 months in cryptorchid and noncryptorchid boys alike, which was even more distinct when height increment was taken into account. This is in line with the high prevalence of testicular ascent at age 12 months in the large British prospective cohort study by Acerini et al. (7) . Our finding of such a testicular descent-ascent pattern that takes place in all boys during infancy may also explain why the John Radcliffe Hospital Cryptorchidism Study Group found that boys who recovered spontaneously from congenital cryptorchidism had a high prevalence of testicular ascent at age 1 year (4).
In model 1, TDP did not differ between the Danish and Finnish boys at birth, but a marked difference was observed at 3 and 18 months. The difference at a Raw data given as mean and the 95% reference range.
b Adjusted for GA, WGA, and interactions between GA and age and WGA and age (fixed effects) and observer and patient (random effects) in model 1. Numbers denote means (95% CIs of means). c The change in adjusted TDP from the previous time point based on model 1. Numbers given as mean differences between the two time points (95% CIs of mean differences).
18 months was significant regardless of the differences in study design that enriched the proportion of cryptorchid boys in the Finnish cohort at that age. A similar country difference was observed in our previous study, in which Finnish boys had systematically larger testicular volume (39) . However, in this study the small observed difference may also be due to the difference in the measurement technique (ruler vs caliper) between countries. Our study findings may be partially affected by the interobserver variation in the TDP measurement. The larger interobserver variability in Denmark vs Finland was very likely due to difference in the number of examiners. The possible difference between examiners was addressed in the statistical modeling by including the examiner as a random effect in all models except for the small subgroup analysis with INSL3. This limitation seems unlikely to explain the association between testicular position and IGF-I, testosterone/LH ratio, and inhibin B/FSH ratio.
Strengths of our study include its prospective design, the systematic and standardized measurement, and the large population size. In addition, the observed findings were similar when the data were analyzed with inclusion of only Danish boys, inclusion of the boys without congenital cryptorchidism (also exclusion of high scrotal testes), or exclusion of preterm boys.
In conclusion, our study provides insights to the physiology of testicular descent and maintenance of testicular position during childhood. Our results suggest that the Sertoli and Leydig cell function as well as IGF-I signaling during mini-puberty may contribute to form a consolidation of the testicular position to a low enough location from which the testes are unlikely to ascend to high scrotal or suprascrotal position during the agedependent physiological testicular ascent. This suggests that TDP can be used as a biomarker of testicular development and function.
